In fish, hermaphroditism is derived from gonochorism. No ancient ancestry and no single sex-determining mechanism are involved in the hermaphroditic fish. Furthermore, hermaphroditic fish have a common set of transcriptional regulators that are involved in gonadal differentiation. However, the origins and evolution of hermaphroditism in fish remain far from understood. In the protandrous black porgy (Acanthopagrus schlegeli Bleeker), the ovotestis is separated by connective tissue, and no intersex (ectopic germ cell) characteristics are observed in either part. We generated the abnormal testicular part of the ovotestis with estradiol-17beta (E2) treatment, in which newly regenerated testis has ectopic oocytes. In this study, we performed a detailed phenotypic and molecular analysis of these E2-induced ectopic oocytes in the testicular part of the ovotestis. We showed that the oocytes in the regenerated testis do not undergo apoptosis; thus, a number of oocytes are in the testis. In these oocytes, Figla has a prolonged expression with ectopic expression of Cyp19a1a. Strikingly, the cells surrounding the oocytes are Dmrt1-positive cells (putative Sertoli cells) with high Figla expression in the oocytes at an early stage. Then, as the Dmrt1 expression diminishes, Cyp19a1a-positive cells (putative follicle cells) with low Figla expression appear in the oocytes at a later stage. This finding indicates that oocytes are competent to create a microenvironment to protect against a testicular environment in black porgy fish. Furthermore, Figla likely is the key factor in the pathway of Sertoli cell transformation into follicle-like cells. These results shed light on why the presence of more than one sex at a time existed during an evolutionary transition from gonochorism to hermaphroditism in fish.
INTRODUCTION
Fish are the only vertebrate class with functional hermaphroditism [1] . The capacity for sex change is lost from amphibians to mammals. Hermaphroditic fish are therefore polyphyletic and derive from gonochorism. Hermaphroditic fish have been documented in 2% of the 25 000 teleost species [2] . Furthermore, no hermaphroditic lineage appears to be evolutionarily ancient [3] . However, most of our knowledge regarding sex change in fish is from studies of their endocrine characteristics. How the presence of more than one sex at a time existed during an evolutionary transition from gonochorism to hermaphroditism in fish remains unknown.
In mammals (mice), sex determination results from the initial switch of either the Sry-dependent testis-differentiating or Sry-independent ovary-differentiating molecular cascade in an exclusive manner [4] . However, the initiation of both pathways in the same gonad will result in the development of an ovotestis [5] . These ovotestes can be caused by an insufficient or delayed expression of the testis-related gene in the XY gonad [6] [7] [8] or ectopic expression of the testis-related gene in the XX gonad [9] . However, the ovarian region of the ovotestis undergoes apoptosis during late embryogenesis, leading to a normal testis at birth [9] . Loss of Foxl2 in adult female mice results in reprogramming of the granulosa and theca cell lineages into Sertoli-like and Leydig-like cell lineages, even in normal oocytes [10] . Therefore, it has been shown that oocytes are not competent to create a microenvironment that protects against a testicular environment in mammals.
The black porgy (Acanthopagrus schlegeli Bleeker) is a protandrous hermaphroditic fish with a striking life cycle (Supplemental Fig. S1 , available online at www.biolreprod. org). The fish has a stable pattern for sex change: The first two reproductive cycles are 100% male, after which approximately 50% of individuals change sex in the third reproductive cycle to become female [11, 12] . Increased plasma estradiol-17b (E2) levels are correlated with the natural sex change in the third reproductive cycle [11] , which can be blocked by long-term administration of aromatase inhibitor (AI) [13] . The sexual phase can be changed from male to female with long-term E2 treatment at any age; the ovotestis contains a degenerated testis and a developed ovary (dominant part) [11, 12, [14] [15] [16] [17] [18] [19] [20] [21] . However, vitellogenic oocytes are infrequently observed following long-term E2 treatment [15, 21] . In addition, in fish younger than 2 yr, a reversible sex change can occur in the E2-induced female, which can switch from an induced female to a male following the end of E2 administration (E2 termination) [12, [14] [15] [16] [17] [18] [19] [20] [21] . In contrast, surgical elimination of the testis in the ovotestis results in the development of the ovarian part and the female phase (with vitellogenic oocytes) in 100% of fish older than 1 yr [12, 18, 19] . Therefore, our data reveal that the maintenance of the testis occurs through suppressed ovarian growth and the natural sex change [16] . However, an abnormal testis was observed in fish younger than 1 yr that underwent a female-to-male sex reversal after E2 termination [17] . The oocytes are broadly observed in the newly regenerated testicular part of the ovotestis after E2 termination in fish younger than 1 yr [16] . Therefore, it may be possible for oocytes to create a microenvironment for protecting themselves against a testicular environment. Furthermore, Sertoli cells may undergo autonomous cell reprogramming into follicle-like cells upon facing the female microenvironment.
The oocyte itself regulates the development of ovarian follicles in mice [22] . Female germ cells do not survive when the oocytes fail to interact with the follicles cells, either because of their ectopic location [23] or because of the absence of a critical oocyte-specific transcription factor in the germline alpha (Figla) [24] . FIGLA is a basic helix-loop-helix transcription factor that plays a crucial role in the formation of primordial follicles. In Figla-mutated mice, embryonic gonadogenesis appears to be normal, but primordial follicles are not formed at birth and massive depletion of oocytes results in female sterility [24] . Using a Figla-null mouse to analyze the downstream genes of Figla reveals that FIGLA functions as a key regulatory molecule in coordinating the expression of the NALP (NOD-like receptors with a pyrin domain) family of genes [25] . FIGLA also inhibits the expression of male germ cell-specific genes [25] and results in the impairment of meiosis and germ cell apoptosis [26] . These data implicate FIGLA as a central regulator of oocyte-specific genes that play important roles in folliculogenesis, fertilization, and early development. The expression of figla has been observed in early oogenesis in fish, including medaka [27] , zebrafish [28] , and black porgy [21] . Therefore, we hypothesized that figla is involved in early ovarian development and is required for oocyte survival in a testicular environment in the protandrous black porgy.
We have previously generated the abnormal testicular part of the ovotestis by E2 treatment, in which newly regenerated testes contain ectopic oocytes [17] . In the present study, we performed a detailed phenotypic and molecular analysis of this E2-induced ectopic location of the oocytes in the testicular part of the ovotestis. We showed that the oocytes in the regenerated testis did not undergo apoptosis and thus maintained a number of oocytes. In this regenerated testis, oocytes had a prolonged expression of Figla and ectopic expression of Cyp19a1a. Strikingly, the surrounding cells of the oocyte were Dmrt1-positive cells (putative Sertoli cells), with high Figla expression at an early stage. Then, Cyp19a1a-positive cells (putative follicle cells) with low Figla expression appeared at a later stage. This finding indicates that the oocytes are competent to create a microenvironment to protect against a testicular environment in the black porgy fish. Furthermore, Figla is the key factor in the process from Sertoli cells to follicle-like cells. These results provide a possible reason for the presence of more than one sex at a time during an evolutionary transition from gonochorism to hermaphroditism in fish.
MATERIALS AND METHODS

Experimental Fish
Juvenile black porgy fish were used in the experiments. The gonadal developmental stages are summarized in Figure 1 . The experimental fish were acclimated to the pond environment at the National Taiwan Ocean University culture station in seawater and with a natural lighting system. The fish were fed with a commercial feed (Fwusow Industry Co. Ltd.) ad libitum. All procedures and investigations were approved by the National Taiwan Ocean University Institutional Animal Care and Use Committee and were performed in accordance with standard guiding principle.
Experimental Design
Experiment 1: The characteristics of ectopically located oocytes in the testis. In black porgy, testicular tissue and ovarian tissue are separated by connective tissue. We created an ectopic location of the oocytes in the testicular part of the ovotestis as described previously [17] . Fish were fed a diet containing E2 (6 mg/kg feed) beginning at gonadal stage 1 (age, 2 mo) (Supplemental Fig. S1 ) for 3 mo (short-term [ST] group) (Fig. 1A ) and for 9 mo (long-term [LT] group) (Fig. 1A) . The ST group was followed by the replacement of the E2 diet with control feed at gonadal stage 2 (age, 5 mo) (Supplemental Fig. S1 ) until the first spawning season. Samples (n ¼ 8 fish/ group) were collected monthly for genetic analysis and histology. Anti-Dmrt1 (Sertoli cell marker) and anti-Cyp19a1a (follicle cell marker) were used to identify the types of cells surrounding the oocytes.
Experiment 2: The fate of testicular somatic cells with reduced dmrt1 expression. We used a lentiviral approach to deliver short hairpin RNA designed to partly knock down dmrt1 expression as described previously [17] . The virus was given in three i.p. injections (1-wk intervals) during gonadal stage 2 (differentiated ovotestis) (Supplemental Fig. S1 ). Fish (n ¼ 20) were collected 3 mo after the last injection, and samples were collected for histology. Anti-Dmrt1 (Sertoli cell marker) and anti-Cyp19a1a (follicle cell marker) were used to identify the somatic cell types.
Experiment 3: Effects of sex steroids on figla expression. To determine the effects of sex steroids on figla expression, fish (n ¼ 5 fish each in the treated and control groups) at gonadal stage 4 (Supplemental Fig. S1 ) were injected (i.p.) with E2 (1.5 lg/g body wt) and methyltestosterone (MT; 1 lg/g body wt) at 0, 2, and 4 days. Fish gonads (testicular and ovarian tissues) were collected 24 h (Day 5) after the third injection (Day 4), and analysis of figla expressions was performed. Other fish were fed a diet containing E2 (6 mg/kg feed) and AI (1,4,6-androstatriene-3,17-dione; 20 mg/kg feed) at gonadal stage 1 (age, 3 mo) (Supplemental Fig. S1 ) until the diameter of the oocytes was greater than 30 lm. Fish gonads were collected for histology and analysis of figla expression.
Plasmid Construction and Virus Production
The vector for dmrt1 knockdown was described in our previous study [17] . Virus production was performed according to the manufacturer's protocol (Clontech). The virus was kept at À808C until it was used.
Antiserum Production
We used peptide-ovalbumin conjugation to immunize the antiserum for Figla. The Figla antiserum was produced in white rabbits immunized against a peptide fragment of black porgy Figla (SNIEKFRRAKTGSYVC and CLMRPDRKPSKVDTLK). The antisera were prepared by Yao-Hong Biotechnology, Inc. Extracts of the ovotestes were used to confirm the specificity of the antiserum by Western blot analysis as described by Wu and Chang [12] and by Wu et al. [17] . Immunoblotting was performed with preabsorbed antibodies at 48C overnight. Finally, the BCIP/NBT Liquid Substrate System (Sigma) was used to detect protein staining. A specific and single protein band corresponding to black porgy Figla (according to the molecular weight) was detected.
In Situ Hybridization
We used antisense RNA probes for figla, and the in situ hybridization of tissue sections (4 lm thickness) was performed as described previously [12] .
Histological Analysis, Immunofluorescent Staining, and Immunohistochemical Staining
Hematoxylin-and-eosin staining as well as immunohistochemical (IHC) and immunofluorescent (IF) staining were performed as described previously [17, 21] . Fish gonads were fixed with 4% paraformaldehyde in PBS. Anti-Figla (1:400), anti-Vasa (1:1000) [17] , anti-Proliferating cell nuclear antigen (Pcna; 1:100; Santa Cruz Biotechnology), anti-Cyp19a1a (1:1500) [21] , and antiDoublesex and mab-3-related transcription factor 1 (Dmrt1; 1:3000) [17] were used for IHC and IF staining.
TUNEL Staining
Fish gonads were fixed with 4% paraformaldehyde in PBS. TUNEL staining was performed according to the manufacturer's protocol (Promega) as described previously [12] . DNase I-treated slides were used as a positive control.
RNA Analysis
Gonads were collected and homogenized in TRIzol reagent (Invitrogen). This homogenate was used for RNA analysis. Extraction of total RNA and synthesis of first-strand cDNA were performed according to the manufacturer's protocol. Total RNA (1 lg) extracted from the gonad of a representative fish was reverse transcribed into first-strand cDNA using WU AND CHANG Superscript III (Invitrogen) with the oligo(dT) [12] [13] [14] [15] [16] [17] [18] primers. This first-strand cDNA was used for the quantitative real-time PCR (qPCR) analyses. Specific primers for dmrt1 (GenBank accession no. AY323953), figla (GenBank accession no. EU496494), cyp19a1a, amh (anti-Mü llerian hormone; GenBank accession no. GU256046), and cyp11b2 (11b-hydroxylase; GenBank accession no. EF423618) were described previously [12, [17] [18] [19] 21] . The qPCR was performed as described previously [19] . All samples were normalized to glyceraldehyde-3-phosphate dehydrogenase (gapdh; GenBank accession no. DQ399798), and maximum values for each group were defined as 100.
Data Analysis
All data are expressed as the mean 6 SEM. The values were subjected to analysis by one-way ANOVA, followed by a Student-Newman-Keuls multiple FIG. 1. E2 effects in relation to gonadal development in the black porgy. A) Annual profiles of gonadal tissue in fish undergoing E2 administration and E2 termination from the juvenile stage to the first spawning season. Testicular tissue (TT; in black), ovarian tissue (OT; in gray), and regressed testicular tissue (RT) are shown. The gonadal stages were defined as follows: a) active testis with spermatogonia and inactive ovary with the primary oocytes, b) active testis with spermatogenesis and inactive ovary with the primary oocytes, respectively, c) mature testis, d) inactive testis and active ovary with the early primary oocytes, e and f) inactive testis and active ovary with the primary oocytes, g) regenerated testis with spermatogenesis and ectopic oocytes and inactive ovary with the primary oocytes, and h) mature testis and regressed ovary with the primary oocytes. Fish were fed a diet containing E2 for 3 mo (ST group) or 9 mo (LT group). B) Histology of the gonad at different developmental stages as shown in A. g 00 ) Ectopic oocytes in the regenerated testis. An arrowhead indicates ectopic oocytes. OC, ovarian cavity.
OOCYTE Figla MEDIATES FATE OF SURROUNDING CELLS
comparison test, with P , 0.05 indicating a significant difference among three treatments. Student t-test was also conducted to determine significant differences (P , 0.05) between two treatments. Figure 1A is the schematic picture of the histological characteristics (Fig. 1B) . In the control fish, ovotestes were observed in 3.5-mo-old fish. Lobular testicular tissue with spermatogonia appeared in 5-mo-old fish (Fig. 1 , Aa and Ba). Active spermatogenesis (with spermatocytes and spermatozoa) was observed in 8-mo-old fish (Fig. 1 , Ab and Bb) and in fish entering the male phase in the first spawning season (age, 11 mo) (Fig. 1 , Ac and Bc). Ovarian tissue was formed in a small portion of the ovotestis in the first reproductive cycle (Fig. 1 , Aa-Ac and Ba-Bc). Among fish that were treated with longterm E2 administration (LT group), ovarian tissue with many primary oocytes was observed together with regressed testicular tissue in 5-mo-old fish (Fig. 1 , Ad and Bd). After 6 mo of E2 administration (8-mo-old fish), ovarian tissue had formed in a large portion of the ovotestis with completely regressed testicular tissue (Fig. 1 , Ae and Be). Oocytes did not enter the secondary oocyte stage or vitellogenesis in the first spawning season (Fig. 1 , Af and Bf). Among fish treated with short-term E2 administration (ST group; estrogen treatment was terminated in 5-mo-old fish after 3 mo of E2 feeding), E2 administration induced ovarian development (similar to Fig. 1 , Ad and Bd), and newly generated testicular tissue was observed after 3 mo of E2 termination (8-mo-old fish) (Fig.  1 , Ag and Bg). The testicular tissue showed oocytes (ectopic location) together with male germ cells (Fig. 1Bg 00 ). Oocyte diameters did not differ between normal oocytes (60.9 6 0.72 lm) and those that were expressed ectopically (58.1 6 1.15 lm). After 6 mo of E2 termination (11-mo-old fish), fish reversed sex from female to male and entered the male phase (Fig. 1 , Ah and Bh).
RESULTS
Exogenous Estrogen Not Only Inhibited Testicular Development but Also Altered the Fate of the Germ Line in Testicular Tissue During Early Gonadal Development
Ectopic Expression of Female-Related Genes in the Testis Is Associated with Abnormal Location of Oocytes
In the ST group (with 3 mo of E2 treatment and 3 mo of E2 termination) in 8-mo-old fish, we observed ectopic oocytes in the testis (Fig. 1g) . Furthermore, we precisely separated the testicular and ovarian parts of the ovotestis for gene expression. The qPCR confirmed that male-related gene (dmrt1, amh, and cyp11b2) expression in the E2-terminated testis was not different compared to control fish with a normal testis (Fig.  2) . In contrast, female-related gene (figla and cyp19a1a) expression was significantly increased compared to control fish (Fig. 2) . Additionally, figla and cyp19a1a expression in the E2-terminated testis was lower than in the E2-terminated ovary.
Figla Is Localized in Early Primary Oocytes of Limited Size
Transcripts of figla showed robust expression at the early primary oocyte stage, and figla expression in the oocytes was decreased at a later stage (Fig. 3a) . We next examined the localization of Figla by IHC staining using a specific anti-Figla antibody. The specificity of the antibody to Figla was confirmed by a Western blot analysis using ovotestis extracts (Fig. 3b) . Figla expression was only observed in the ovary and not in the testis (Fig. 3b) . IHC staining confirmed that Figla was robustly expressed in early primary oocytes but not in oogonia, and the expression was decreased in the late stage of the oocytes (Fig. 3, c-e) . Furthermore, qPCR confirmed that figla expression in gonocytes (undifferentiated gonad, 3-moold fish) and oogonia (differentiated ovotestis, 4-mo-old fish) was low and significantly increased in early primary oocytes (developed ovary, 5-mo-old fish) (Fig. 3f) in the short-term E2-fed fish (experiment 1). According to our qPCR, ISH, and IHC results, Figla was expressed in oocytes of limited size. The robust expression of Figla was observed in small oocytes and then decreased when the oocyte diameter became larger than 28.6 lm (Fig. 3g) .
Ectopic Female Germ Cell Is Active During Testis Regeneration and Strongly Expresses Figla
According to IHC staining of Pcna (Fig. 4, a and c) and Figla (Fig. 4, b and d) in the serial sections, our results revealed that the female germ cells can highly proliferate in the regenerated testis of 7-mo-old fish (after 2 mo of E2 termination). Furthermore, the TUNEL assay revealed that ectopic oocytes and their surrounding cells did not undergo programmed cell death (apoptosis) in a testicular environment (Fig. 4e) . The serial sections of Fig. 4e were used to confirm the activity of the TUNEL assay by DNase I treatment and the distribution of cells (Fig. 4f) . Furthermore, the oocyte number in the regenerated testis was not significantly different between fish at 3 mo (8-mo-old fish) and 6 mo (11-mo-old fish) after E2 termination (1138 6 150 and 1366 6 364 oocytes, respectively). Interestingly, Figla had a prolonged expression in ectopic oocytes compared with normal oocytes in the ovary (Fig. 4g) . The size of the Figla-expressing oocytes was calculated using imaging software; ectopic oocytes (diameter, ,48.4 lm) in the testis had a prolonged expression of Figla   FIG. 2 . Expression profiles of sex-related genes in the E2-terminated regenerated testis. In the control group, fish had an active testis with spermatogenesis (testicular tissue [TT] ). In the E2-termination group, fish had a regenerated testis with the spermatogenesis and ectopic oocytes. The ovary was maintained in an inactive stage with primary oocytes. TT with ectopic oocytes (E2-termination) and ovarian tissue were separated to analyze the gene expression levels. The transcripts of sex-related genes (male-related genes: dmrt1, amh, and cyp11b2; female-related genes: figla and cyp19a1a) were calibrated with the internal control (gapdh) and then normalized (highest value of each gene was 100%). Different lowercase letters indicate a one-way ANOVA and a Student-NewmanKeuls multiple comparison test (P , 0.05). Asterisks indicate a significant difference (P , 0.05) by Student t-test.
WU AND CHANG compared with normal oocytes (diameter, ,28.6 lm) in the ovary (Fig. 4g ).
Ectopic Expression of Cyp19a1a in the Oocyte Cytoplasm and Sertoli-Like Surrounding Cells in Ectopic Oocytes
In the normal ovary, follicle cell expression was Cyp19a1a-positive ( Fig. 5a ) and Dmrt1-negative (Fig. 5b) . According to IHC staining of Cyp19a1a (Fig. 5 , c-e) in 8-mo-old fish (after 3 mo of E2 termination), our results revealed that small oocytes (diameter, 33.9 6 0.71 lm) have high expression levels of Cyp19a1a in the oocyte cytoplasm (Fig. 5 , c-e) compared with larger oocytes (diameter, 43.3 6 0.7 lm) and had high expression levels of Cyp19a1a in the follicle cells (Fig. 5a) . Furthermore, ectopic oocytes with expression of Cyp19a1a were only observed in the regenerating testis, not in the normal ovary (Fig. 5, a and c-e) . However, these ectopic oocytes were surrounded by Dmrt1-expressing cells (Sertoli cells) in the testis of E2-terminated fish (Fig. 5, f and g ). Furthermore, IF staining of Dmrt1 confirmed that ectopic oocytes are surrounded by Dmrt1-expressing cells in the testis (Fig. 5, h  and i) . Taken together, these findings further support the idea that those ectopic oocytes can antagonize the male environment.
Appearance from Sertoli Cells to Follicle-Like Cells Related to Prolonged Expression of Figla
In the ST group, our results showed that ectopic oocytes are surrounded by Cyp19a1a-expressing and Dmrt1-expressing cells (Fig. 5) . To determine whether these two genes are expressed in the same cells or in different cells, IHC staining of Figla, Cyp19a1a, and Dmrt1 was performed in serial sections. The expression of Figla, Cyp19a1a, and Dmrt1 had a stable pattern. Figla was more highly expressed in oocytes in the presence of surrounding cells with Dmrt1-positive and Cyp19a1a-negative expression (Fig. 6, a-c) . In contrast, compared to oocytes with high Figla expression, oocytes with low Figla expression were surrounded by cells that had Dmrt1-negative and Cyp19a1a-positive expression (Fig. 6, d-f) . Furthermore, we used imaging software to determine the correlation between Figla, Cyp19a1a, and Dmrt1. We showed that the transcripts of Cyp19a1a and Dmrt1 in the surrounding cells have a stable expression during oocyte development (Fig.  6g) . Dmrt1 was expressed in the early primary oocyte stage (diameter, ,32.4 6 1.03 lm) and was significantly decreased in the later stage (diameter, .43.5 6 1.55 lm) (Fig. 6g) . In contrast, Cyp19a1a expression was suppressed in the early primary oocyte stage (diameter, ,33.9 6 0.71 lm) and was significantly increased in the later stage (diameter, .43.3 6 0.7 lm) (Fig. 6g) .
Expression of figla in the Ovary Is Independent of Sex Steroids
The expression of figla transcripts in the ovary did not differ after short-term E2 and MT treatment compared to the respective controls (Fig. 7a) . Furthermore, results from IHC staining of Figla revealed that the female germ cells in the sex steroid-treated fish had an expression pattern similar to that in control fish. Figla was robustly expressed at the early oocyte stage (diameters, 8-28.6 lm), and its expression decreased at the late oocyte stage (diameter, .28.6 lm) (data not shown). 
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Additionally, AI-and E2-induced ovaries had a similar expression level of figla after 5 mo of treatment (Fig. 7b) . At this period, the diameters of the oocytes in the treated fish were greater than 30 lm.
Knockdown of dmrt1 Can Lead to Germ Cell Depletion but Not to Feminization in the Testis
Control fish had a normal ovotestis that contained a large portion of mature testis and a tiny portion of regressed ovary that were separated by connective tissue (stage 3). All control fish had a normal male-phase gonad. Most transgenic fish also had a normal ovotestis. However, 3 of 20 transgenic fish had an abnormal gonad with a significantly reduced number of germ cells. The type of somatic cells in the dmrt1-deficient testis was examined; Dmrt1-expressing cells were only observed in control fish (Fig. 8a) , not in knockdown fish (Fig. 8b) . Cyp19a1a-expressing cells in the degenerated testis of the transgenic fish had characteristics similar to interstitial cells in the normal testis of the control fish (Fig. 8, c and d) .
DISCUSSION
Hermaphroditic fish have a common set of transcriptional regulators that are involved in gonadal differentiation. However, the origins and evolution of hermaphroditism in fish are far from understood. In hermaphroditic black porgy, the ovotestis is separated by connective tissue, and no intersex (ectopic germ cells) is observed in either part. The present study was undertaken to systemically characterize the expression and function of the figla gene in an animal model. We demonstrated that oocytes are competent to create a microenvironment to protect against a testicular environment in black In mammals, the follicle cells in oocyte-depleted follicles survive, proliferate, and subsequently acquire the morphological and genetic characteristics of Sertoli cells [29] . Germ celldeficient fish usually develop as phenotypic males (medaka [30] and zebrafish [31] ). Thus, the presence of germ cells is generally considered to be essential for female gonadal differentiation and for the maintenance of ovarian structure. In contrast, loach fish, which lack germ cells, could develop as either phenotypic males or females with testicular or ovarian structures, respectively [32] . When the germ lines were sparse through busulfan treatment, the gonad had normal testicular somatic gene expression and ovarian structure (ovarian cavity), indicating that the germ line does not influence fate determination of the surrounding somatic tissues in black porgy [17] . Thus, the soma and germ lines might have different regulating mechanism among teleosts. Both E2 stimulation (E2 feeding) and E2 depletion (AI feeding) can induce male-to-female sex change in black porgy fish younger than 1 yr [21] . Similarly, both treatments result in the suppression of the testis and the development of a dominant ovary [21] . However, broad distributions of oocytes were only observed in the regenerated testis of the E2-terminated group [17] . In gonochoristic fish, ectopic oocytes were only observed in the testis during long-term estrogen exposure [33, 34] . Furthermore, our previous studies showed that a proliferating marker (Pcna) was not expressed in the suppressed testis during E2 administration [17] . Both markers (Pcna and Figla) were observed in the regenerated testis after E2 termination. Thus, we speculate that E2 can disarrange the fate of germ cells in the testis. In mice, ectopic germ cells in the mesonephros all differentiate into oocytes, as they normally would in the ovary, even in males [35] . This result reveals that germ lines can spontaneously differentiate into oocytes without suitable environments in black porgy. However, proliferating germ cells may suppress a male pathway and activate a female FIG. 8. Knockdown of dmrt1 in the testis cannot change Sertoli cells to follicle-like cells. Partial dmrt1 deficiency in fish was produced by RNA interference as described previously [17] . Gonad samples were collected 3 mo after the last injection (stage 3). Knockdown of dmrt1 expression could not change the germ lines into the female fate. IHC analysis of Dmrt1 was observed in the control group (a), and no Dmrt1 signals were observed in the knockdown group (b). IHC analysis of Cyp19a1a showed that it was located in the interstitial cells in the control group (c) and the knockdown group (d).
WU AND CHANG pathway in the surrounding somatic cells, as shown in black porgy and hotei-mutant medaka fish [36] . Furthermore, the expression of dmrt1 (a testicular differentiation regulatory factor) was suppressed by E2 treatment in the black porgy [17] . Thus, we suggest that E2 function is the dysfunction of Sertoli cells in the testis and that part of the germ cells spontaneously differentiate into oocytes.
Oocyte Expression of Figla Is Required for Primordial Follicle Formation
Our previous studies showed that figla expression is correlated with ovarian differentiation [21] . In the oocyte, the expression of figla is observed to significantly increase during early oocyte development [21] . Our present IHC staining results also revealed that Figla was robustly expressed in early primary oocytes. Compared with early primary oocytes, Figla was weakly expressed in early oogonia (diameter, ,7.14 lm) and late primary oocytes (diameter, .28.6 lm) in black porgy. FIGLA genes are expressed in the fetal ovary, and this expression is significantly increased by the time of primordial follicle formation in mammals [37, 38] . In Figla-mutated mice, embryonic gonadogenesis appeared to be normal, primordial follicles were not formed at birth, and massive depletion of oocytes resulted in female sterility [24] . In fish, the expression of figla has been observed in early ovary development, including in medaka [27] , zebrafish [28] , and black porgy [21] . Taken together, these data implicate FIGLA as a central regulator of oocyte-specific genes that plays important roles in folliculogenesis and early development through evolution.
Transdifferentiation of Sertoli Cells Is Dependent on Oocytes Regulation Through Figla Expression
The role of DMRT1 in testis development is conserved throughout vertebrates [39] . In mice, loss of Dmrt1 in the adult testis activates Foxl2 and causes reciprocal sex transformation from Sertoli cells to granulosa cells [40] . Cyp19a1a is strongly expressed in the Dmrt1-mutant gonad and leads to germ cell feminization [40] . In black porgy, the loss of dmrt1 in the testis can disrupt male development and is associated with sex change [17] . These results indicate that Dmrt1 is essential for postnatal sex maintenance. Furthermore, dmrt1-deficient black porgy have normal Cyp19a1a expression (in interstitial cells) but never show oocytes in the testis. These results reveal that the loss of dmrt1 cannot lead to the appearance of follicle-like cells and germ cell feminization in black porgy.
Our present studies showed that the cells surrounding ectopic oocytes begin as Sertoli (Dmrt1-positive) cells, and then follicle-like (Cyp19a1a-positive) cells appear. In mice, follicle cells in oocyte-depleted follicles survive, proliferate, and subsequently acquire the morphological characteristics of Sertoli cells [29] . In the wrasse fish, some functional somatic cells of the ovary are reused as testicular somatic cells during the gonadal sex change [41] . In the medaka fish, the maintenance of cyp19a1-expressing cells was depended on oocytes [42] . These results suggest that the absence of oocytes caused the follicle cells to directly transdifferentiate into Sertoli-like cells. How do ectopic oocytes mediate Sertoli cell transdifferentiation to follicle-like cells in the black porgy? In mammals, expression of a number of germ cell-specific transcriptional regulators (Figla, Nobox, Sohlh1, and Sohlh2) is critical to ovarian formation and folliculogenesis [43] . One of these transcriptional regulators, Figla, plays a crucial role in regulating early follicle formation in the black porgy. In the present study, ectopic oocytes extended Figla expression longer in larger oocytes in the testis compared with normal oocytes in the ovary. Figla expression in ectopic oocytes was higher when the oocytes were surrounded by Sertoli cells than when they were surrounded by follicle-like cells. Moreover, the TUNEL assay revealed that Sertoli cells did not enter apoptosis. These results suggest that Figla, by itself, is sufficient to induce Sertoli cells to undergo transdifferentiation into follicle-like cells. In mammals, oocytes are directly required to maintain somatic cell identity during ovarian development [44, 45] . Female germ cells fail to interact with the follicle cells due to the ectopic location [23] . The ovarian region of the ovotestis undergoes apoptosis during late embryogenesis, thus leading to a complete testis at birth [9] . Taken together, these findings suggest that the mechanism for reprogramming the surrounding cells of the oocytes is mechanically varied among species. We found that Figla plays important roles in the transdifferentiation of the cells surrounding the germ cells in the black porgy.
Prolonging Expression of Figla in the Incorrect Microenvironment
It is important to know which signals extend Figla expression for oocyte maintenance in the incorrect environment. In contrast to eutherian mammals, estrogen is known to be important for ovarian differentiation and is able to trigger male-to-female sex reversal in noneutherian vertebrates [46] . However, we found that high levels of androgen and estrogen as well as low levels of estrogen could not influence figla expression in vivo in the present study. Similar to the control group, the expression of Figla in the ovary appeared in the early primary oocytes and did not extend the expression at the later stage during sex steroid treatment. These results reveal that figla expression is not regulated by exogenous sex steroids. However, high Figla expression was found in the surrounding cells (Sertoli-like cells) of the ectopic oocytes. On the basis of indirect evidence, we propose that figla is triggered by the incorrect surrounding of Sertoli cells. In medaka fish, amh expression is not detected in the somatic cells of the germ celldeficient gonad [30] . Furthermore, in the condition of lacking germ cells, none of the XY hotei mutants (amhr2 mutant) exhibited female sex reversal [47] ; on the contrary, XY hotei amhr2 mutants, but with germ cells, had female sex reversal [47] . Taken together, these data indicate that in addition to a unidirectional signal, reciprocal cross-talk occurs between germ cells and somatic cells that plays an important role in sexual differentiation.
In conclusion, the present study demonstrated that the surrounding (Sertoli-like) cells of ectopic oocytes undergo transdifferentiation into follicle-like cells with the prolonged expression of figla in the testis. These findings document, to our knowledge for the first time, the in vivo lineage reprogramming in an adult organism. Our data support the idea that prolonged expression of figla may help oocytes to antagonize the male environment and favor reprogramming the fate of the surrounding cells. This characteristic might be the mechanism of an evolutionary transition from gonochorism to hermaphroditism in fish.
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